Defects in materials that interpolate between two orientation states such as domain walls and those which relate to some kind of material discontinuity, e.g. dislocations and disclinations, comprise topological defects. Noncoplanar vector arrangements, e.g. vortices, skyrmions, and possibly monopole-like excitations, also belong to this family of defects. Presence of such defects affects many of the macroscopic properties of materials, for example electronic transport and strength. Materials in which topological aspects, e.g. edge or surface states, affect the electronic, transport and other properties can be described as topological materials. Topological insulators, topological superconductors and certain Dirac materials, e.g. graphene and Weyl semimetals, belong to this class of materials. These materials possess unusual functionalities potentially useful in a variety of information processing and quantum computation based applications.
Introduction
Topology is defined as elastic geometry which means that certain properties of a material do not change when the geometry is continuously varied while keeping the overall connectivity (or topology) intact [1, 2] . Point defects such as vacancies, interstitials and substitutionals are non-topological defects. Deviations from the given topology of a material typically result in local or extended topological defects. A pentagon in an otherwise honeycomb lattice of graphene constitutes a local topological defect in that the local connectivity has changed from six-sided bonds to a five-sided bond. On the other hand edge and screw dislocations as well as disclinations comprise extended or global topological defects because they affect the whole lattice [3] . Other examples of extended defects include vortices, vortex lines, magnetic flux tubes, and spin textures such as helices, spirals and skyrmions [4] . Magnetic monopole-like excitations are also topological defects [5] [6] [7] .
The notions of topology can also be applied in reciprocal space (e.g. in the Brillouin zone of a crystal), in particular to the topology of electronic band structure of materials and how certain properties associated with the band structure remain unaltered with continuous changes. In this context we discuss here topological materials [8] such as graphene, topological insulators [9, 10] , topological crystalline insulators [11, 12] , topological superconductors [13, 14] , and more broadly Dirac materials [15, 16] . Also, there is a theoretical prediction for topological magnetoelectric effect [17] that still needs to be experimentally verified. With many new such materials being discovered in recent years, it now appears that topological states of matter and topological materials are not rare but rather ubiquitous. In addition, there is a growing need for materials in this class with greater tunability as well as structural flexibility to enable viable spintronics and quantum computing applications.
Topological defects
Domain walls between two states (or domains) with a vector property, e.g. polarization or magnetization, constitute a topological defect. Twins that arise in the microstructure during structural phase transitions are domain walls between two orientation states connecting a tensor property, e.g. strain, are also topological in nature. Thus domains walls and twin boundaries can be viewed as solitons in which the dispersion due to change in the vector or tensor property is balanced by the nonlinearity. This aspect is captured in a Landau-Ginzburg free energy for a second order or continuous transition:
where the dispersion arising from the gradient (or Ginzburg) term is balanced by the nonlinearity, the M 4 term, in magnetization. We could replace M by polarization P for ferroelectrics. Here g > 0, b > 0 and a = a 0 (T − T c ) changes sign at the transition temperature T c . For a > 0 the Landau part (the polynomial terms) is a single well potential whereas for a < 0 it is a double well potential ( Fig. 1, left panel) . Variation of this double well free energy leads to an equation, the solution of which is given by: where the magnitude M 0 and the characteristic length of the domain wall ξ are expressed in terms of the free energy parameters a, b, and ξ . This solution is shown in Fig. 1 , right panel.
Instead, if we consider a first order (or discontinuous) transition, say a ferroelectric one, then the simplest free energy can be written as
where c > 0 and a changes sign with temperature. Variation of this triple well free energy leads to an equation, the solution of which at the transition temperature (three degenerate minima) is given by:
, where P 0 and ξ depend on the coefficients of the free energy, i.e. the material properties. The triple well potential and corresponding domain wall solutions as a function of temperature are depicted in Fig. 2 . Superconductors as well as many magnetic materials exhibit vortex excitations. As an example, a magnetic vortex in the plane (for the XY model) can be described in polar coordinates by the polar angle of magnetization [3] :
Another important topological excitation observed in materials in recent years is a skyrmion [4] , which is a spin texture that effectively "covers" a sphere once, in other words it has a topological charge one. Skyrmions have been observed in chiral magnets without spatial inversion symmetry [18] , e.g. MnSi, FeGe, etc. They have also been observed in multiferroic materials such as Cu 2 OSeO 3 [19] . In these materials they are stabilized by the spin-orbit coupling expressed as the DzyaloshinskiiMoriya (DM) interaction. The corresponding energy functional is given by [4] :
where J ex is the exchange constant, D is the strength of the DM interaction due to spin-orbit coupling, and the last term accounts for the Zeeman interaction due to the applied magnetic field H a . Here n(x, y) is a unit vector describing the direction of magnetic moment. At low magnetic field a helical spin configuration is stable whereas at moderate values of the applied field skyrmions are stable excitations [18] . Magnetic monopoles are topological defects in which the effective magnetic field lines point radially outward from a point. They have been potentially observed in artificial spin ice [5, 6] as well as in skyrmion tubes touching at a point [7] . Monopoles move in artificial spin ice akin to electric charges in an electrolyte, thus artificial spin ice could be viewed as a "magnetolyte. " A monopole-antimonopole pair is usually connected by what is known as a Dirac string (magnetic flux along the interior of such a string makes the monopoles consistent with Maxwell's equations). Presence of topological defects changes the properties of materials in unusual ways and thus it is important to be able to control the generation and density of such defects experimentally.
Dirac materials
Materials that have linear dispersion in their band structure can be broadly described as Dirac materials [15, 16] . Their conduction and valence bands touch at an isolated set of points in the Brillouin zone called the Dirac points (Fig. 3) . These points are preserved (or "topologically protected") due to certain symmetries: sublattice symmetry in graphene, time-reversal symmetry in topological insulators [9, 10] and mirror or related symmetries in topological crystalline insulators [11, 12] . Conventional metals and semiconductors (described by the Schrödinger equation) have quadratic dispersion because the energy of low-energy excitations varies as E S = p 2 /2m * , where p is the electron momentum and m * is the effective mass. For two-dimensional Dirac materials (described by the relativistic Dirac equation) the energy varies linearly with momentum as:
where the speed of light c is replaced by the Fermi velocity v F in the material. Here σ = (σ x , σ y ) and σ z denote the Pauli matrices. A consequence of the linear dispersion is the increased sensitivity of these materials to applied magnetic field in two dimensions. In particular, the spacing between electronic energy levels varies as ÝB in massless Dirac materials instead of the linear dependence on B associated with conventional materials. The Dirac spectrum in graphene, topological insulators and d-wave superconductors has been observed using angle resolved photoemission spectroscopy (ARPES) and scanning tunneling spectroscopy (STS) [15] .
In addition to graphene, monolayer silicon and germanium structure called silicene [21] and germanene [22] as well as sp-sp 2 carbon allotropes, namely graphynes [23] , also belong to the class of Dirac materials with Dirac cones. Similarly, phosphorus and tin based honeycomb structure monolayers called phosphorene [24] and stanene [25] are also Dirac materials. Topological insulators are strongly spin-orbit coupled materials, which are insulators in the bulk but metallic at the surface [9, 10] , and some d-wave superconductors [15] are examples of Dirac materials. HgTe and Bi 2 Se 3 are prime examples of topological insulators. Topological crystalline insulators [11, 12] such as SnTe are Dirac materials as well [11] . Topological superconductors, which involve edge-mode superconductivity in topological insulators [12] , also belong to this class. Three dimensional topological superconductivity in Cu x Bi 2 Se 3 [13] and two dimensional topological superconducivity in InAs/GaSb quantum wells [14] have been experimentally realized. Thus Dirac materials are a distinct class of materials quite different from the conventional metals, semimetals and doped semiconductors.
There are three types of fermions (spin half-interger particles, e.g. electrons) that can exist in condensed matter and materials systems (or even in photonic systems), namely Dirac, Weyl and Majorana [26] . For massive particles with linear dispersion, graphene is a very good example of Dirac particles. There has been intense search for massless particles with linear dispersion called Weyl materials (or semi-metals such as TaAs, TaP, NbAs and NbP) [27, 28] . They can be regarded as three-dimensional analogs of graphene (with broken spatial inversion or time reversal symmetry). Weyl semimetals are characterized by the presence of Fermi arcs which have been studied by ARPES [28] . They can also possess magnetic monopoles in the crystal momentum space. Massive fermions that are their own antiparticles are called Majorana fermions; there is anticipation that topological superconductors may indeed support the presence of these quasi-particles. There is substantial experimental activity in search of the Majorana fermions [29] . One major motivation, beyond their fundamental importance, is that they could be used for topological quantum computing.
Conclusions
To summarize, the role and power of topology in understanding certain types of defects and an emerging new class of topological materials, in particular the Dirac materials with linear energy dispersion [15, 16] , are turning out to be very important in materials science. Graphene (and its two dimensional analogs such as silicene and germanene as well as the three dimensional analogs called Weyl semimetals) and topological insulators [9, 10] are only two classes of fascinating topological materials with unusual and technologically important properties. Two other interesting classes include topological crystalline insulators and topological superconductors [11, 12] . These materials can be altered and thus probed by magnetic doping, strain, disorder and film thickness variation. The role of electronic correlations remains an open question in that it may lead to novel states of matter such as fractional topological insulators among others.
Here we focused on the topological aspects that stem either from variation of a physical property (e.g. across domain walls) or from lattice discontinuity (e.g. in dislocations) or from vector property orientations (e.g. spins in vortices and skyrmions) or from the electronic band structure of the materials (e.g. graphene, Weyl semimetals, topological insulators and other Dirac Materials). However, topology of a material usually goes beyond its physical shape and geometry. From this perspective materials such as metal organic frameworks [30] and supramolecular assemblies constitute what may be called topological networks [2] , with potential applications in catalysis, etc.
